Abstract: Abandoned quarries are frequently used as sites of illegal dumping of solid urban waste. These sites often occur nearby or within urban areas so that their detection may turn out to be quite difficult from the surface. This study focuses on the detection and geometrical characterization of a hidden landfill site located along the coastline of the Campi Flegrei, near Naples, Italy. Our approach is based on the analysis of historical topographic maps and aerial photographs, coupled with quantitative comparison of multitemporal digital elevation models obtained by digital photogrammetry and lidar techniques. The comparative analysis of topographic maps and aerial photos clearly shows modifications of the landscape associated with the urban development and quarrying activity, as well as the later filling of the quarry. The change detection analysis reveals that remarkable elevation changes occurred in the study area between 1956 and 2008. The average thickness of the landfill deposits is ca. 8 m, whereas the average volume is ca. 100,000 m 3 . The results of this work confirm the suitability of the used methodological approach that combines both qualitative and quantitative techniques for the detection of buried landfill sites. The geometric characterization of a landfill represents a fitting starting point for the further planning of geophysical site surveys and direct investigations aimed at the assessment of environmental hazards.
Introduction
Environmental impact and health threat associated with the disposal of solid wastes is a source of public concern worldwide. Wastes are commonly stored in a landfill, that is a large area of land or an excavated site specifically designed and built to receive them. According to Chabuk et al. [1] , landfill siting represents a complex task for planners and authorities because it needs to take into consideration a series of factors, including geology, topography, groundwater properties, location of urban centers, and social concerns. The conversion of old quarries into well designed and controlled landfills can be considered an effective means for the management of solid wastes. However, this measure requires appropriate technical solutions and monitoring systems that may ensure careful environmental protection [2, 3] . In many parts of the world, abandoned quarries have been or still are the sites of illegal dumping of solid urban and industrial waste. Relevant examples include case histories from Kenya [4] , Tanzania [5] , Canada [6] , and Greece [7, 8] . Frequently, landfill sites are located close to or within areas of recent urbanization and they may cause significant environmental and geo-engineering problems, such as groundwater and soil pollution [9] [10] [11] , landslides [12, 13] , sinkholes, and subsurface instability issues [14] . 
Geological Setting
The study site is located along the south-western coastal zone of the Campi Flegrei, in the Municipality of Monte di Procida (Figure 1 ). This area represents part of an active caldera that formed after two large explosive eruptions, namely the ~39 ka BP Campania Ignimbrite [34, 35] and the ~15 ka BP Neapolitan Yellow Tuff [36, 37] . Currently, the Campi Flegrei area is characterized by a very high volcanic hazard and is inhabited by tens of thousands of people that are exposed to significant volcanic risk [38] . The coastal zone of Campi Flegrei is also affected by other natural hazards, including flash floods, landslides and marine storms [31, 39, 40] . Weathering and mass wasting processes represent effective mechanisms in shaping the coastline morphology of the Pozzuoli Bay, including the Torrefumo cliff in the study area [30] .
The village of Monte di Procida develops over a NW-SE trending volcano-tectonic ridge that corresponds to a segment of the Campania Ignimbrite caldera rim ( Figure 1 ). The ridge reaches an elevation of 145 m a.s.l. at Mt. Grillo, and it is bordered to the South by the Torrefumo coastal cliff, a ca. 90 m high tuffaceous steep slope. Towards the NE direction the ridge is limited by a structural slope formed by the inner rim of the caldera. The stratigraphic succession in the study area is mostly composed of volcaniclastic deposits ranging in age from 77 to 15 ka ( Figure 2 ). The succession starts with the Vivara formation [41] that includes pyroclastic rocks nowadays forming the remnants of the Vitafumo and Miliscola tuff cones. The Vitafumo succession consists of a lower part, made up of stratified yellow tuffs, and an upper part, represented by reddish coarse pyroclastics, laterally passing to coarse surge deposits with reddish pumice [34] . The stratigraphic boundary between Vitafumo and Miliscola deposits is well exposed along the Torrefumo cliff face, where Miliscola deposits pinch out towards the eastern flank of Vitafumo tuff cone. Miliscola products are formed by valley-ponding layers of poorly sorted ash and pumice, along with pumice lapilli with plane-parallel stratification and subordinately cross-bedded ash layers [41] . The products of Vivara formation are overlain by pyroclastic fall and flow deposits of the Serra formation, mostly constituted by ash beds and pumices, emplaced by pyroclastic fall and currents originated during a series of consecutive eruptions. Further up in the sequence, products of the Campania Ignimbrite (39 ka BP) are 
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Materials and Methods

Analysis of the Land Use Changes
The reconstruction of land use history and the evaluation of geomorphic changes in the study area were based on the analysis and interpretation of historical topographic maps available since XIX century and aerial images available since 1943. Topographic maps were considered individually (i.e., without co-registration) for performing a visual interpretation only. Quantitative topographic changes, instead, were assessed by using some aerial images and lidar data, applying the procedures described in Section 3.2.
Specifically, in this stage we used (1) a historical topographic map at 1:10,000 scale dated 1870 (Sheet n. 9 of the "Carta dei dintorni di Napoli" by "Reale Officio Topografico del Regno di Napoli", 1818-1887 [42] ); (2) a topographic map at 1:25,000 scale dated 1936 (Sheet n. 184 III NO-Procida by the Italian Military Geographic Institute (IGM) [43] ); (3) a topographic map dated 1965 (Sheet n. 29 of the "Carta Tecnica della Provincia di Napoli" at 1:10,000 scale [44] ); (4) a topographic map dated 2004 (Sheet n. 465,011 of the "Carta Tecnica Regionale della Campania" at 1:5000 scale [45] ). The black and white aerial photographs were acquired in the years 1943, 1956, 1974 , and 1998 by the IGM [46] , with the following nominal scales: 1:25,000 (1943), 1:17,000 (1956), 1:13,000 (1974), 1:5000 (1998).
Production of Digital Elevation Models
In order to calculate geometric properties of the detected landfill site we used the two couples of historical aerial stereo pairs acquired by the IGM, dated 1956 and 1974, along with topographic data derived from an airborne lidar survey (ALS) commissioned by the "Città Metropolitana di 
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Production of Digital Elevation Models
In order to calculate geometric properties of the detected landfill site we used the two couples of historical aerial stereo pairs acquired by the IGM, dated 1956 and 1974, along with topographic data derived from an airborne lidar survey (ALS) commissioned by the "Città Metropolitana di Napoli" administration in 2008. The 1956 frames were acquired from an altitude of 2900 m a.s.l., whereas the 1974 frames were acquired from an altitude of 2300 m a.s.l. All the images were scanned at 800 dots per inch (dpi) with a ground pixel resolution of ca. 0. 50 (1956) and 0.40 m (1974). The ALS data were provided as 3D point clouds in the standard .las file format, and georeferenced in the UTM ETRF2000 coordinate system, zone 33 N. Data were acquired during the summer of 2008 by using a Leica™ ALS50-II aerial laser scanner (Leica Geosystems AG, Heerbrugg, Switzerland) mounted on a predisposed airplane, from an average altitude of 600 m a.s.l. Vertical accuracy of lidar data was assessed by the data owner by measuring 117 ground check points (CP) homogeneously distributed throughout the whole surveyed area. For this purpose a GPS receiver in network real time kinematic (NRTK) modality was used. Vertical accuracy was estimated in terms of root mean square error (RMSE z ) to be ±0.18 m.
The data set was used to produce multi-temporal digital elevation models (DEMs) of the study area, with the aim of comparing the obtained DEMs by a GIS-based change detection analysis.
Photogrammetric processing of the aerial stereo pairs was carried out by using the ERDAS TM IMAGINE 2015 software (Hexagon Geospatial, Norcross, GA, USA), and consisted in the interior/exterior orientation of the stereo pairs, 3D point cloud extraction and DEM production. For the interior orientation we used data contained in the original calibration certificate supplied together with the images. For the exterior orientation, we used as Ground Control Points (GCPs) 15 reference points (e.g., road intersections) extracted from the 2004 topographic map. GCPs were chosen homogeneously in the overlapping areas of photographs, after checking that positions of the selected reference objects had not changed through time. Successively, they were manually pinned onto the images. After the exterior orientation, we extracted 3D point clouds of the analyzed area by means of the Automatic Terrain Extraction with the Dense Point Matching (eATE) module included in ERDAS TM IMAGINE 2015. Point clouds were manually filtered from vegetation and imported into ESRI TM ArcGis 10.3 (ESRI Inc., Redlands, CA, USA), where they were rasterized by means of the Natural Neighbor algorithm, with a pixel size of 1 m. This operation was also applied to the 2008 ALS-acquired point cloud. Photogrammetric processing of the 1956 and 1974 aerial photographs also allowed us to obtain black and white orthophotos with a pixel size of 0.5 m.
Change Detection
The DEMs were compared by means of the Geomorphic Change Detection software (http:// gcdworkshop.joewheaton.org/). This has been implemented as an open source plug-in compatible with the most recent versions of the ESRI ArcGis application. The DEMs comparison (i.e., change detection) consisted in an automatic pixel-by-pixel calculation of elevation changes between two consecutive models, by subtracting the earlier model to the later one [47] . In this way, two DEMs of Difference (DoDs) of the study area, containing elevation changes between 1956 and 1974, and between 1974 and 2008, were respectively produced. Each DoD was thresholded in order to filter real changes from noise, by specifying a Minimum Level of Detection (minLoD) [48] . This consists in a value (threshold) beneath which all DoD data are considered unreal with respect to those falling above the threshold. In order to assess the minLoD threshold, we used the empirical approach proposed by Zhang et al. [49] . This method consists in the calculation of elevation differences related to solid, flat surfaces adjacent to the study area that can be retained as stable within the considered time intervals. In our case, we computed elevation differences on 3 paved transects and 2 flat areas characterized by unchanged position and land use, as verified from the visual interpretation of aerial photographs. Elevation data were obtained from all the DEM cells occurring in correspondence of the digitized transects and areas (i.e., every 1 m or 1 m 2 ). The RMSE z of differences between each couple of transect/area was then calculated and, in order to obtain a specific minLoD for each change detection analysis, the resulting values were finally averaged. Each change detection analysis was referred to an area of interest (AOI) defined on the basis of the current topographic properties of the analyzed site and any other relevant information provided by local residents concerning the possible location of the landfill. As an output of the two analyses, the GCD software provided numerical results representing areas, volumes, and the average depths of the excavated and accumulated material in the AOI. The standard deviation for all the calculated values was also estimated.
Results
Geomorphic Evolution and Land Use Changes
The visual comparative analysis of topographic maps of the study area shows evident modifications of the landscape due to the urban development and quarrying activity. The topographic map of 1870 ( Figure 3A ) displays the initial reference landscape of the study area with negligible modifications referable to human activity. The general morphology is characterized by a NW-SE oriented ridge bounded to the south by the Torrefumo coastal cliff. Topographic data indicate that the landscape remains almost unaltered until the 1936 ( Figure 3B ). The map of 1965 ( Figure 3C ) displays evidence of early urbanization in the eastern sector of the area, along with a distinct excavation activity, including anthropic scarps. This is particularly clear to the SW of Mt Grillo where a quarry for the extraction of "pozzolana" (i.e., a special variety of volcanic ash used as mortar for brick constructions) has been active from the late 1930s throughout the Second World War. In the 2004 map ( Figure 3D ), after ca. 40 years, there is no longer any trace of the quarry, and a small flat area is present at the top of the coastal cliff. 
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These evidences suggest that the quarrying activity started between 1936 and 1943 and terminated after 1974, probably in the early 1980s, as recalled and confirmed by people living in the area. 1956 ( Figure 4B ) the site appears to be partially filled, and evidences of ongoing excavation are found instead in the northern and western sector of the area. In 1974 ( Figure 4C ) there is indication of a significant change in the land use associated with the construction of new roads and buildings, along with an enlargement of the quarrying activity towards the edge of the coastal cliff. The photograph of 1998 ( Figure 4D ) displays a further development of the road network and new buildings in the area. The quarry appears to be filled up and a little plain can be observed. These evidences suggest that the quarrying activity started between 1936 and 1943 and terminated after 1974, probably in the early 1980s, as recalled and confirmed by people living in the area. 
Quantitative Topographic Changes
The data used for thresholds calculation are listed in Table 1 The results of the change detection analyses show that both negative (i.e., excavation) and positive (i.e., accumulation) elevation changes occurred in the study site, affecting an area of ca. 
The data used for thresholds calculation are listed in Table 1 The results of the change detection analyses show that both negative (i.e., excavation) and positive (i.e., accumulation) elevation changes occurred in the study site, affecting an area of ca. 37,500 m 2 ( Figures 5 and 6 ). Histograms displaying elevation changes versus corresponding volumes ( Figure 6 ) show significant differences in terms of statistical distribution. Generally, a more symmetric distribution for both elevation changes and volumes resulted for the 1956-1974 period, whereas a prevalence of positive changes (i.e., accumulation) with respect to the negative ones occurs for the 1974-2008.
The perimeter of the detected landfill ( Figure 7 ) was traced taking into account the spatial distribution of the positive elevation changes displayed in Figure 5 . The elevation difference between the two topographic profiles (Figure 7) , representing the 1956 and 2008 ground surfaces (ca. 8 m), highlights the average accommodation space filled up by the waste material through time, beneath the present-day ground surface. The area involved by the buried landfill has an extension of ca. 14,350 m 2 . Our results suggest that since the end of the last century, the site land use remained substantially unaltered, as shown by a comparison between the 1998 aerial photograph ( Figure 4D ) and orthophoto of 2014 (Figure 7 ). This is also in agreement with the lack of evidence for significant topographic changes during the same time interval. Histograms displaying elevation changes versus corresponding volumes ( Figure 6 ) show significant differences in terms of statistical distribution. Generally, a more symmetric distribution for both elevation changes and volumes resulted for the 1956-1974 period, whereas a prevalence of positive changes (i.e., accumulation) with respect to the negative ones occurs for the 1974-2008.
The perimeter of the detected landfill ( Figure 7 ) was traced taking into account the spatial distribution of the positive elevation changes displayed in Figure 5 . The elevation difference between the two topographic profiles (Figure 7) , representing the 1956 and 2008 ground surfaces (ca. 8 m), highlights the average accommodation space filled up by the waste material through time, beneath the present-day ground surface. The area involved by the buried landfill has an extension of ca. 14,350 m 2 . Our results suggest that since the end of the last century, the site land use remained substantially unaltered, as shown by a comparison between the 1998 aerial photograph ( Figure 4D ) and orthophoto of 2014 (Figure 7 ). This is also in agreement with the lack of evidence for significant topographic changes during the same time interval. 
Discussion
The methodology described in this study allowed for the detection and geometrical characterization of a landfill site located along the Campi Flegrei coastline, close to the urban area of Naples. Since historical times, volcaniclastic rocks (e.g., "pozzolana", tuff, and ignimbrite) cropping out in the area have been extensively exploited as construction materials. The massive urbanization started since the second half of the last century and was often accompanied by a significant increase in the number of open-pit mines, required for the extraction of building materials. After exploitation, many quarries were illegally used as sites for the storage of different types of wastes, which were often covered with volcanic reworked soils. In some instances, buildings were even founded on these 
The methodology described in this study allowed for the detection and geometrical characterization of a landfill site located along the Campi Flegrei coastline, close to the urban area of Naples. Since historical times, volcaniclastic rocks (e.g., "pozzolana", tuff, and ignimbrite) cropping out in the area have been extensively exploited as construction materials. The massive urbanization started since the second half of the last century and was often accompanied by a significant increase in the number of open-pit mines, required for the extraction of building materials. After exploitation, many quarries were illegally used as sites for the storage of different types of wastes, which were often covered with volcanic reworked soils. In some instances, buildings were even founded on these deposits [31] . Notwithstanding the high level of volcanic hazard (e.g., [38] ), the Campi Flegrei is a highly urbanized area where detection of abandoned, buried landfill sites may be quite difficult in the field.
As already proposed by other authors (e.g., [24] [25] [26] [27] ), our study suggests that the analysis of historical aerial photographs and topographic maps provides an effective tool for a rapid identification of buried landfill sites and associated anthropogenic landforms. Aerial photographs can be used for (a) the identification of unknown landfills; (b) the analysis of their historical evolution; and (c) the quantitative assessment of their volume and geometry. Photogrammetric processing of the black and white aerial stereo-pairs used in this study, coupled with airborne lidar data, allowed for calculation of the areal extent of the analyzed landfill (14,350 m 2 ) and the total volume of the accumulated waste materials (ca. 100,000 m 3 ). The multi-temporal change detection analysis ( Figure 5 ) evidenced that most of the landfill material was accumulated between 1956 and 1974, whereas relatively smaller volumes of waste were locally accumulated in the north-eastern sector during the period 1974-2008 ( Figure 5 and Table 2 ). These findings were also supported by the visual interpretation of historical maps and supplementary aerial photographs that led to the identification of different stages in the morphological evolution of the study site, including (a) an initial stage characterized by the original topography; (b) a phase of open-quarry excavation activities; (c) a phase of filling of the quarried area by waste materials; (d) a final phase characterized by progressive reshaping of the excavated area ( Figures 3 and 4) . In this way, the timing of development stages of the analyzed landfill have been also obtained.
The multi-temporal change detection analysis indicated that the average thickness of the landfill is in the order of 8 m. However, due to the lack of suitable aerial stereo-pairs available for the period before 1956, it cannot be excluded that the actual thickness of the landfill could be somewhat higher than 8 m. At the same time, the lack of additional stereo-pairs surveys in between 1956 and 1974, hampers the possibility of detecting other possible excavation or filling operations occurred in the same area. Consequently the calculated volumes should be evaluated in terms of minimum values, without considering eventual intermediate changes. This circumstance underlines a limit of the used methodology. In fact, this is strictly dependent on the availability of historical data and, in some cases, both temporal and spatial resolution of aerial datasets could be not proper for performing multi-temporal analysis aimed at analyzing anthropogenic landforms. In spite of this, the adopted remote sensing technologies permit accurate detection and calculation of the geometry of known and unknown landfills, and provide a sound base for the scientific community and stakeholders to improve environmental characterization and the hazard analysis associated with these anthropogenic landforms.
According with de Wet [28] , the best methodological approach includes full integration of remotely derived information with field observations, near-surface geophysics, and in-situ sampling. Improper management of wastes may cause serious threats to public health, due to the high intrinsic probability for the triggering of associated phenomena, including subsidence, fire, and contamination of air, soil, and water [50] . In our approach, the assessment of topographic changes and volumetric calculation of the landfill was based on quantitative change detections exploiting photogrammetryand ALS-derived DEMs, to minimize subjective interpretation of the datasets. In order to assess the level of risk associated with pollutants, details on the contents of the detected landfill are thus essential. Inspection and sampling of buried waste materials by direct investigation (e.g., boreholes) are normally advisable, although these operations may not be costs-effective and timely, or even not compatible with local land use and planning strategies [15] . In some cases, direct investigations have even caused additional environmental issues at polluted sites [14] , particularly when the geometry and the areal extent of the buried landfill were unknown.
A further issue to be considered in order to evaluate the hazards associated with the study site is related to the geomorphological evolution of the coastal cliff delimiting the southern side of the landfill. Here, anthropogenic and geological processes may interfere and cause negative impacts on the environment and human health. The Torrefumo cliff, in fact, experienced significant retreat processes over the last decades with recession rates up to 1.2 m/year, occurring through landslides, marine and surface erosion [30] . After the construction of a seawall to protect the cliff toe from the sea wave action, recession was substantially reduced. Future collapses may therefore affect the cliff face with potential consequences for the nearby landfill and the road at the top of the cliff (Figure 7 ).
Conclusions
This study illustrates an integrated approach for the detection and geometrical characterization of a buried landfill, based on a full combination of (1) analysis of historical topographic maps, (2) aerial photographs, and (3) airborne lidar data. The landfill analyzed in this study is located in the vicinity of Monte di Procida along the Campi Flegrei coastline, South Italy, and was detected in correspondence of an old quarry located over a small plain at 100-120 m a.s.l., close to the top of a coastal cliff.
The visual comparative analysis of available topographic maps (1870, 1936, 1965 and 2004 ) and aerial photographs (1943, 1956, 1974 and 1998) clearly showed modifications of the landscape due to the urban development and anthropic activity through time. Our results indicate that quarrying activity started in the mid-30s and lasted probably until the early 1980s. In 1998 the quarry was already fully covered and filled up by waste deposits. The relatively flat top surface that was created by the accumulation of the infilling wastes is presently utilized as a parking place. The results discussed in this study suggest that multi-temporal topographic datasets, often already available at regional or national authorities, may provide a sound base for further direct investigations, monitoring strategies and assessment of environmental hazards associated with buried landfills.
